Abstract: Sulfonated poly(arylene thioether ketone ketone sulfone)s (SPATKKS) were synthesized by nucleophilic polycondensation of various amounts of 1,3-bis(4-fluorobenzoyl)benzene, 1,3-bis(3-sodium sulfonate-4-fluorobenzoyl)benzene, and 4,4'-dichlorodiphenylsulfone with 4,4'-thiobisbenzenethiol. Sulfonated poly-(arylene ether ketone ketone sulfone)s were also prepared in order to compare their oxidation resistance to peroxides with that of SPATKKS. SPATKKS show high oxidation resistance to peroxides. The resulting ionomers with moderate ion exchange capacity present excellent thermal stability (the 5% weight loss temperature is about 500°C) and low water uptake and swelling ratio until 85°C. The materials hold promise for application as proton exchange membranes in fuel cells.
Introduction
Proton exchange membrane fuel cells (PEMFC) are promising power sources for a wide range of applications [1] . The polymer electrolyte membrane (PEM) is one of the key components of PEMFC. The function of the membrane in PEMFCs is to conduct protons from the anode to the cathode and to provide a barrier against anode and cathode gases.
A well-known membrane material for PEMFC is Nafion ® . Because of its poly(tetrafluoroethylene) backbone, it shows excellent long-term stability in both oxidizing and reducing atmospheres. However, Nafion ® has several drawbacks such as high methanol permeability, which impedes the application in direct methanol fuel cells (DMFC) [2] , poor performance at temperatures higher than 80°C, and high cost. Therefore, great efforts have been made over the past decades to develop non-perfluorinated polymers as alternative proton exchange membranes for PEMFC and DMFC. Among various polymers, sulfonated poly(ether ketone)s have been widely studied in recent years, which have excellent chemical inertness, high thermal stability and appropriate mechanical strength [3] [4] [5] [6] . The most important task is how to lengthen effectively the lifetime of these sulfonated poly(ether ketone)s while their good performance.
During the operation of PEMFC, the diffusion of a little oxygen through the membrane and incomplete reduction at the anode bring about radicals such as HO· and HO 2 · [7, 8] , which probably lead to the degradation reaction of the membranes [9] [10] [11] . To ensure long-term tolerable polymeric materials, necessary measures have to be taken to avoid possible degradation. We hope that ionomers with thioether groups have a good resistance to such radicals because these groups are oxidized to sulfoxide groups if reacting with the radicals. If so, it will offer a possible way to prepare a PEM with a long lifetime in the harsh environment in PEMFC. This work focuses on the synthesis and characterization of sulfonated poly(arylene thioether ketone ketone sulfone)s.
Results and discussion

Monomer synthesis
1,3-Bis(3-sodium sulfonate-4-fluorobenzoyl)benzene (BSFBZB) was synthesized by sulfonation of 1,3-bis(4-fluorobenzoyl)benzene (BFBZB) with 50% fuming sulfuric acid, which is an aromatic electrophilic reaction. Sulfonic groups were located in the ortho-position of the fluorine atoms, as shown in Scheme 1. FT-IR ( Fig. 1 in meq/g 
Water uptake and swelling ratio
It is very important to characterize the behaviour of water uptake and swelling ratios of proton exchange membranes, which have a close relationship with the mechanical properties of the membranes. Water uptake and swelling ratios of all the membranes are not large. The curves of these magnitudes of all the materials except membranes 
Thermal stability
The thermal stability of the polymers was determined via TGA. Thermogravimetric curves for ionomers I a -I f are displayed in Fig. 6 . All the samples in the sodium form were pre-heated at 150°C for 30 min to completely remove moisture, then cooled to 100°C and heated from 100 to 800°C under nitrogen. Generally, sulfonated polymers start to desulfonate and lose weight at 300°C [12] . Fig. 6 illustrates that the samples have also lost very little weight at 300°C; the 5% weight loss temperature for the polymers in the sodium form is about 500°C (Tab. 1), which shows that the polymers have high thermal stability. 
Study on oxidative stability
Membranes I a and I f were selected to study the oxidative stability by comparison. Both of them were swollen in boiling 3% H 2 O 2 solution at first, then split into several pieces, which diminished with time and disappeared in the end. The results showed that membrane I f only stood for 19 min and then disappeared, while membrane I a was still in a state of swelling after 19 min, it took 83 min until it degraded to disappearance, therefore, membrane I a displayed better oxidative stability than membrane I f . Hübner et al. supposed that polymers, with phenoxybenzene ether bridges like PSU or PEK, are oxidized and possibly broken in the C-O-C connections by radicals [10] . The phenoxybenzene ether bridges of membrane I f possibly broke by the attack of radicals. In view of the molecular structure, ionomer I a "may be believed" the resultant of ionomer I f , the ether groups of which were substituted by the thioether groups. Obviously, the better oxidative stability of membrane I a than membrane I f can only result from its thioether groups. In the following we will provide explanations why membrane I a with thioether groups shows better resistance to oxidation than membrane I f . Fig. 6 displays the IR spectra of membrane I a after oxidation for different times in 3% H 2 O 2 solution catalyzed by 4 ppm ferrous ions. The membrane before immersion in 3% H 2 O 2 solution has no visible peak at 1051 cm -1 , while other samples oxidized in 3% H 2 O 2 solution show an apparent peak there. The peak at 1051 cm -1 is characteristic of sulfoxide groups, thus the thioether groups of membrane I a are oxidized into the sulfoxide groups by 3% H 2 O 2 solution, and the area of the peak could be used as the oxidizing degree of the samples. The fact that the thioether groups turn into sulfoxide groups by reacting with radicals and are not split directly by the attack of radicals possibly is the main reason why membrane I a shows higher oxidative stability than membrane I f . Sulfonated poly(arylene thioether ketone ketone sulfone)s based PEMs are expected to display more durability in the application of PEMFC. (benzene ring) was selected as the reference peak. The relative intensity is determined by the ratio of the intensity of the peak at 1051 cm -1 to that of the peak at 1574 cm -1 . Fig. 7 shows that relative intensity increases with increasing oxidizing time, and relative intensity enhances greatly in a range of 80 min and increases very slowly thereafter, which illustrates that the oxidative reaction of thioether groups becomes slower. Dimethyl sulfoxide (DMSO) and toluene were purified by distillation and stored over 4 Å molecular sieves. Other reagents and solvents were used as received.
FT-IR spectra were recorded with a PE Paragon 1000 FT-IR spectrometer. NMR spectra were measured on a Varian MERCURYplus 400 MHz spectrometer. Thermal transition was determined with a PE Pyris 1 differential scanning calorimeter under nitrogen atmosphere at a heating rate of 10°C/min. Thermogravimetric analysis (TGA) was measured under nitrogen flow with a PE TGA 7 thermo-gravimetric analyzer at a heating rate of 10°C/min.
Monomer synthesis
1,3-Bis(3-sodium sulfonate-4-fluorobenzoyl)benzene (BSFBZB) was synthesized by heating a mixture of 1,3-bis(4-fluorobenzoyl)benzene (BFBZB) and 50% fuming sulfuric acid at 120°C for 12 h. The mixture was cooled to room temperature and dissolved into ice water. The purification procedure was done as follows: proper amounts of sodium hydroxide and sodium chloride were used to neutralize and salt out the sulfonated crude product, which then was filtered and re-dissolved into deionized water. After about five times re-crystallization from de-ionized water, scale-like crystals were finally obtained. Yield: 50%.
Polymer synthesis
The copolymerization procedure for the monomers was similar as described in ref. [6] . A typical copolymerization procedure is described for ionomer I b . In a 100 ml three-necked round bottom flask equipped with a Dean-Stark trap, a condenser, and a nitrogen inlet, a mixture of 3 mmol 4,4'-dichlorodiphenylsulfone, 2 mmol 1,3-bis(3-sodium sulfonate-4-fluorobenzoyl)benzene, 5 mmol 4,4'-thiobisbenzenethiol and 5.5 mmol K 2 CO 3 were dissolved in a mixture of 10 ml DMSO and 25 ml toluene, which was used as an azeotropic agent. The mixture was refluxed for 3 h at 150°C, and then redundant toluene was removed from the reaction system. After continuous reaction for 20 h at 175°C, the reaction stopped and the crude product was obtained by precipitating in water. The product was then washed six times with boiling water to remove inorganic salts. The purified product was dried in vacuum at 100°C for 48 h. Yield: 95%. 
Membrane preparation
The resulting polymers (I a , I c , I d , I e and I f ) were dissolved in DMSO to produce transparent solutions and then cast on glass plates. The polymer solutions were dried at 75°C for 12 h and successively in vacuum for 12 h.
Determination of the ion exchange capacity (IEC)
IEC was determined as follows [13] : the sample in SO 3 H form was immersed in 50 ml saturated NaCl solution for 24 h in order to release the H + ions. Then the acid solution was titrated with 0.1 M NaOH solution.
Water uptake and swelling ratio
The membranes in SO 3 H form were completely dried in a vacuum oven at 120°C for 24 h. Then the membranes were immersed in de-ionized water at a given temperature for 24 h. After the surface-attached water of the membranes was removed with tissue paper, the membranes were immediately weighed and measured. Water uptake and swelling ratio were calculated by the following formulae: 
Oxidative stability
Ionomers I a and I f were prepared in order to study their oxidative stability by comparison. To simulate a similar situation as in PEMFC, the test was carried out by immersing the samples in 3% H 2 O 2 solution containing 4 ppm ferrous ions [9] . The samples (1.3×1.3 cm 2 , 6 -8 µm) were in the SO 3 H form. Firstly, their resistance to oxidation was compared. The procedure was as follows: two pieces of samples (made from I a and I f , respectively) were immersed in the above-mentioned solution and heated to the boiling temperature, for a period of time. The oxidized samples were swollen, split, degraded and dissolved, disappeared in the end, which indicates the time that the sample can stand the oxidation by peroxides. Secondly, we studied the oxidation mechanism of ionomer I a . Nine pieces of membranes I a were immersed in 3% H 2 O 2 solution catalysed by 4 ppm ferrous ions at 60°C for different times, respectively. Then the membranes were washed with de-ionized water and dried in vacuum at 100°C for 24 h. Their FT-IR spectra were used to illustrate the mechanism of resistance to oxidation.
Conclusions
Sulfonated poly(arylene thioether ketone ketone sulfone)s were successfully synthesized by aromatic nucleophilic polycondensation, the solubility of which was improved by introducing the units of diphenylsulfone into the polymeric backbone. They show higher oxidative stability in comparison with sulfonated poly(arylene ether ketone ketone sulfone)s, and the cause of resistance to oxidation was preliminarily explained. Sulfonated poly(arylene thioether ketone ketone sulfone)s probably are a candidate for polymeric membranes in PEMFC.
